Thymine DNA glycosylase (TDG), an enzyme that initiates the repair of G/T and G/U mismatches, has been lately found crucial in embryonic development to maintain epigenetic stability and facilitate the active DNA demethylation. Here we report a novel role of TDG in Wnt signaling as a transcriptional coactivator of b-catenin/TCFs complex. Our data show that TDG binds to the transcriptional factor family LEF1/TCFs and potentiates b-catenin/TCFs transactivation, while TDG depletion suppresses Wnt3a-stimulated reporter activity or target gene transcription. Next, we show that CBP, a known coactivator, is also required for TDG function through forming a cooperative complex on target promoters. Moreover, there is an elevation of TDG levels in human colon cancer tissue, and knockdown of TDG inhibits proliferation of the colon cells. Overall, our results reveal that TDG, as a new coactivator, promotes b-catenin/TCFs transactivation and functionally cooperates with CBP in canonical Wnt signaling.
Introduction
Thymine DNA glycosylase (TDG) was identified as a T/G mismatch-specific thymine DNA glycosylase to remove the mispaired thymine or uracil moieties from the ribose ring and subsequently, initiate the base excision repair (BER) process. Besides, other functions of TDG have also been identified. TDG could interact with transcription factors (Um et al., 1998; Missero et al., 2001; Chen et al., 2003) or the histone acetyltransferase (HAT) CBP (Tini et al., 2002) , which are responsible for the regulation of gene transcription. For example, TDG could associate with CBP and stimulate CBP transcriptional activity on the GAL reporter gene. TDG could also bind to the de novo DNA methyltransferase Dnmt3a to inhibit its methylation activity in vitro (Li et al., 2007) . Recent study using mouse genetic model showed that TDG knockout (KO) mice are embryonic lethal, revealing an important role of TDG in maintaining epigenetic stability and promoting active DNA demethylation (Cortazar et al., 2011; Cortellino et al., 2011) . Furthermore, it was also reported that 5-carboxylcytosine (5caC), converted from 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC) by oxidation of Tet dioxygenases, could be specifically recognized and excised by TDG, which clarifies a pathway for active DNA demethylation (He et al., 2011) .
The highly conserved Wnt/b-catenin signaling controls diverse biological processes such as cell fate decision, tumorigenesis, and stem cell pluripotency (Logan and Nusse, 2004; Reya and Clevers, 2005; Clevers, 2006) . Upon Wnt/b-catenin signaling activation, the formation of a transcriptional complex containing b-catenin and LEF1/TCFs is a prerequisite for transcriptional initiation of target genes. Wnt stimulation leads to b-catenin stabilization and translocation into the nucleus, which displaces the corepressor, such as Groucho, from LEF1/TCFs, converting the transcriptional suppression to activation and thus driving the expression of Wnt target genes (Daniels and Weis, 2005) . An increasing number of cofactors have been identified to participate in this complex. For example, Pygopus and Legless have been shown to facilitate the nuclear translocation of b-catenin and promote b-catenin-mediated transactivation (Townsley et al., 2004; Hoffmans et al., 2005) . Nucleus Dvl and c-Jun could also stabilize b-catenin/TCFs complex on Wnt promoters and promote its transactivation activity (Gan et al., 2008) .
The acetyltransferase CBP/p300 has been found to interact with b-catenin and function as its coactivator in vertebrates (Hecht et al., 2000; Takemaru and Moon, 2000) . CBP/p300 is a multifunctional transcriptional coactivator that serves as a scaffold for the assembly of multiple transcription factors with the general transcription machinery (Chan and La Thangue, 2001) . It also facilitates the loosening of local chromatin structure via its HAT activity, allowing other cofactors to access target gene promoters (Lehrmann et al., 2002) . The acetyltransferase activity of CBP/p300 was found to be required for the function of other coactivators in the b-catenin/TCFs complex, such as FHL2 (Labalette et al., 2004) . However, the detailed mechanism remains to be determined.
In the present work, we provide compelling evidence to demonstrate a novel function of TDG as a coactivator in Wnt signaling through cooperating with CBP. We show that TDG directly binds to TCFs and may form a quaternary complex with b-catenin/TCFs and CBP via multiple intermolecular interactions, which subsequently stabilize these factors on the Wnt target gene promoters and facilitate b-catenin/TCFs transactivation activity.
Results

TDG directly interacts with LEF1/TCFs
In order to discover the potential new cofactors of the b-catenin -LEF1/TCFs transcriptional complex, we carried out a yeast twohybrid screening using mouse LEF1 as the bait and TDG was identified as one of the positive clones. The interaction between TDG and LEF1 was subsequently confirmed by the co-immuno precipitation (Co-IP) assay ( Figure 1A ) as well as in vitro binding assay ( Figure 1B ). Besides LEF1, TDG was also found to bind to other TCFs, such as TCF1 ( Figure 1C ) and TCF4 ( Figure 1D ). As shown in Figure 1E , the endogenous TDG-TCF4 interaction was hardly detected but appeared upon Wnt stimulation, suggesting that the interaction between TDG and TCF4 is regulated by Wnt signaling. Meanwhile, the existence of a weak TDG -TCF4 interaction without Wnt3a stimulation could not be ruled out.
To delineate the interaction region for TDG binding to LEF1/TCFs, we performed a deletion analysis in yeast two-hybrid and found that the N-terminal region N9 (1-194 aa) but not N1 (1-122 aa) of TDG interacted with LEF1, suggesting that residues 122-194 of TDG, named as TDG-M, might be responsible for the interaction ( Figure 1F) . Indeed, as shown in Figure 1G , TDG-M could also interact with TCF4 and decrease the binding of endogenous TDG to TCF4.
We next mapped the TDG-interacting region in LEF1, which appeared to be the C-terminal fragment including HMG box ( Figure 1H ), distant from the N-terminal region responsible for b-catenin binding. In line with it, in vitro competitive binding assay showed that TDG did not affect the interaction between b-catenin and LEF1 ( Figure 1I ).
TDG potentiates canonical Wnt signaling
We next set out to test whether TDG participates in Wnt signaling. As shown in Figure 2A , upon Wnt3a stimulation, overexpression of TDG in HEK293 cells led to a dose-dependent increase of TopFlash (Top) reporter activity, but not FopFlash (Fop), in which the TCF-binding sites were mutated. We also checked the effect of TDG on the cytoplasmic b-catenin levels. Overexpression of TDG did not change the soluble b-catenin levels in the absence or presence of Wnt3a ( Figure 2B ), suggesting that TDG promotes Wnt signaling through acting downstream of the b-catenin destruction complex. Consistent results were observed in loss-of-function assays that knockdown of TDG by siRNAs decreased Wnt3a-mediated increase of Top reporter activity ( Figure 2C) . Furthermore, overexpression of TDG-M, which acted as a dominant-negative enzyme through disrupting the interaction between endogenous TDG and TCFs ( Figure 1G) , caused a dose-dependent inhibition on reporter activity ( Figure 2D ), indicating that the interaction between TDG and LEF1/TCFs was responsible for the positive role of TDG in the canonical Wnt pathway.
We then examined the effects of TDG on Wnt target gene expression. TDG knockdown in HEK293 cells suppressed the Wnt3a-induced expression of target genes including AXIN2, NKD1, LEF1, and c-MYC ( Figure 2E) . To confirm the involvement of TDG in Wnt target gene regulation, we compared the expression levels of some classical Wnt targets, including Axin2, Nkd1, Lef1, Tcf1, and Dkk1, in TDG-proficient (Tdg +/+ ) and TDG-deficient (Tdg 2/2 ) mouse embryonic fibroblasts (MEFs). As shown in Figure 2F , the expressions of these genes were increased with varying degrees upon Wnt3a stimulation in Tdg +/+ MEFs, while this effect was impaired and could be rescued by introduction of wild-type TDG (pTdg) in Tdg 2/2 MEFs. Together, these results suggest that TDG plays a positive role in regulating Wnt target gene expression.
TDG is recruited to the promoter of Wnt targets To support our finding that TDG is involved in b-catenin/ TCFs-mediated gene transcription, we also performed chromatin immunoprecipitation (ChIP) experiments to assess whether TDG can be recruited to the c-MYC and AXIN2 promoters.
As shown in Figure 3A , an obvious TDG recruitment, similar to that of TCF4, was detected in the c-MYC Wnt-related element (WRE) region, but not in either 5 ′ or 3 ′ flanking region of WRE.
The recruitment of TDG could be further increased by Wnt3a stimulation ( Figure 3B ), whilst, consistent with previous researches (Sierra et al., 2006) , Wnt3a treatment had no effect on TCF4 binding to WRE ( Figure 3B ). Similarly, Wnt3a stimulation also induced an obvious increase of TDG recruitment to the AXIN2 WRE region, but not the AXIN2 non-WRE region ( Figure 3C ). In addition, mutations in the TCF-binding sites eliminated the binding of TCF4 and TDG to the c-MYC promoter (Supplementary Figure S1 ), indicating that TDG recruitment to the WRE is dependent of its binding to TCFs. We then tested whether the recruitment of TDG to WRE is mediated by the interaction between TDG and TCFs. As shown in Figure 3D , expression of HA-tagged TDG-M, which disrupts the endogenous TDG-TCFs interaction, decreased the recruitment of endogenous TDG to c-MYC WRE, accompanied with a clear appearance of TDG-M occupancy.
TDG upregulates the canonical Wnt signaling through cooperating with CBP
Previously, it was reported that TDG could associate with CBP and stimulate CBP transcriptional activity on the GAL reporter gene (Tini et al., 2002) . On the other hand, CBP was able to bind to b-catenin and activate expression of Wnt target genes (Hecht et al., 2000) . Thus, a reasonable speculation is that TDG might function through interacting with CBP.
Indeed, as shown in Figure 4A and B, upregulated reporter activity and Wnt target gene expression induced by Wnt3a stimulation alone or with TDG overexpression were inhibited by CBP siRNAs. To further confirm that TDG is functionally correlated with CBP, we also used CBP inhibitor E1A and its two mutants E1A mRb and E1A mCBP. E1A mRb selectively impairs the interaction with the retinoblastoma protein (Rb), while E1A mCBP loses inhibitory activity toward CBP (Labalette et al., 2004) . As expected, we observed that E1A and E1A mRb, but not E1A mCBP, inhibited CBP-stimulated reporter activity. Consistently, transactivation caused by TDG was also blocked by E1A and E1A mRb rather than E1A mCBP ( Figure 4C ), indicating that TDG is functionally correlated with CBP and the HAT activity of CBP is probably required for TDG function.
Next, we performed ChIP assay and observed that Wnt3a stimulation increased the binding of both TDG and CBP to c-MYC WRE, in a manner similar to b-catenin ( Figure 4D ). To examine whether these proteins co-existed in one transcriptional complex, the reciprocal two-step seq-ChIP assays were performed using the combinations of different antibodies. Strong seq-ChIP signals were detected except for the immunoprecipitation with b-catenin antibody that produced a weak signal ( Figure 4E ), suggesting that TDG, CBP, b-catenin, and TCF4 co-occupy the c-MYC promoter. Furthermore, as shown in Figure 4F , knockdown of CBP reduced the binding of TDG to c-MYC WRE and vice versa, implying that TDG and CBP facilitate recruitment of each other to WRE. In addition, the endogenous TDG-CBP binding was also enhanced under Wnt3a stimulation, similar to the increased binding between CBP and b-catenin ( Figure 4G ). 6×His plus Myc-tagged b-catenin was purified and mixed with GSH beads carrying GST-LEF1 or GST alone, in the absence or presence of 6×His-tagged TDG. The 1/30 of total proteins for input and 1/3 of total proteins within beads for pull-down samples were used in the western blotting.
CBP has been reported to be required for widespread acetylation of Wingless targets in Drosophila (Parker et al., 2008) . We then accessed whether CBP could also increase the histone acetylation of the Wnt promoter region in mammalian cells. We performed ChIP assay and observed that the overexpression of CBP increased the histone H4 acetylation on c-MYC promoter as did Wnt3a; more importantly, this increase could be impaired by TDG knockdown ( Figure 4H ), indicating that TDG is also required for CBP to optimize the H4 acetylation level.
Elevated TDG protein levels in human colon cancer tissue An emerging body of evidence has shown the involvement of activated Wnt/b-catenin pathway in carcinogenesis, such as colorectal cancer (Segditsas and Tomlinson, 2006) . Interestingly, we observed an elevation of TDG in colon cancer. Among the 96 cases with available staining information of b-catenin from a total of 99 primary colon adenocarcinoma tissues, 89 cases (92.71%) showed increased b-catenin levels and nuclear localization with the matched adjacent non-tumor tissues as controls ( Figure 5A and Supplementary Figure S2A) , which is consistent with other previous reports (Akiyoshi et al., 2006; Segditsas and Tomlinson, 2006) . In the 95 pairs of samples with available staining information of TDG, 79 cases (83.16%) exhibited elevated TDG protein levels ( Figure 5B and Supplementary Figure S2B ). In these cases with elevated TDG expression, b-catenin levels were all positive for high levels, while in the 89 cases with high b-catenin levels, 88.76% of them exhibited elevated TDG expression ( Figure 5C ), suggesting that enhanced TDG expression might be related to aberrant Wnt/b-catenin pathway activation in colon carcinogenesis.
Furthermore, we testified the role of TDG in colon cancer cell line HCT116 and SW620. TDG knockdown by siRNAs could reduce Wnt target gene expression in HCT116 ( Figure 5D ) and SW620 ( Figure 5E ). The MTT cell viability assay showed that TDG knockdown also inhibited the growth of HCT116 ( Figure 5F ) and SW620 ( Figure 5G ), suggesting that TDG played a role in proliferation of the colon cancer cells.
Discussion
TDG is a glycosylase to correct G/T or G/U mismatches in BER pathway. It has been shown that TDG might also be involved in gene transcription, such as nuclear receptor signaling (Um et al., 1998; Missero et al., 2001; Chen et al., 2003) . Here, we revealed a novel function of TDG as a coactivator involved in the Wnt/ b-catenin signaling. We found that TDG directly binds to TCFs and provided several lines of evidence that TDG plays a positive role in Wnt/b-catenin signaling: first, TDG knockdown markedly suppressed Wnt3a-induced transcriptional activity ( Figure 2C ) and Wnt target gene expression in HEK293 cells ( Figure 2E) ; Second, TDG KO inhibited Wnt3a-induced expression of Wnt targets in MEF cells ( Figure 2F) ; Third, TDG could be specifically recruited to the c-MYC ( Figure 3B ) and AXIN2 ( Figure 3C ) WRE regions, which was further increased by Wnt3a stimulation. Lately, it had been reported that TDG deficiency could cause embryonic lethality in mice. The delayed limb development phenotype of Tdg nullizygosity at E11.5 (Cortellino et al., 2011) was similar to the defects in the development of limb buds in Lef1 2/2 Tcf1 2/2 double KO embryos.
It will be interesting to dissect whether this phenotype is attributed, at least partially, to aberrant Wnt signaling caused by TDG deficiency. Further, the coactivator function of TDG was dependent on the interaction between TDG and TCFs. Overexpression of TDG-M, a truncated fragment of TDG retaining the ability for binding to TCF4 ( Figure 1G) , could act as a dominant-negative enzyme to inhibit the Wnt3a-mediated reporter activity ( Figure 2D ) and the recruitment of endogenous TDG to the c-MYC WRE region ( Figure 3D ). These data supported that the TDG-TCFs binding was responsible for the positive role of TDG in canonical Wnt pathway.
Many cofactors, such as CBP, have been found to participate in b-catenin/TCFs-mediated transcription. Our data indicate that TDG, as a new member of b-catenin/TCFs cofactors, is functionally correlated with CBP. The data showed CBP siRNAs could inhibit Wnt3a/TDG-mediated Topflash activity ( Figure 4A ) and Wnt target gene expression ( Figure 4B ). CBP inhibitor E1A and E1A mRb also inhibited TDG-stimulated reporter activity, but E1A mCBP could not ( Figure 4C ), suggesting that CBP is required for the transactivation ability of TDG in Wnt signaling. Next, TDG and CBP may form a quaternary complex with b-catenin/TCFs. TDG and CBP were recruited to Wnt target gene promoters upon Wnt3a stimulation in a manner similar to b-catenin ( Figure 4D) , as confirmed by seq-ChIP assay ( Figure 4E) . Furthermore, TDG and CBP stabilized each other around the WRE region on promoter ( Figure 4F ). Consistently, with the Wnt3a stimulation, the interactions between endogenously expressed TDG and TCF4 ( Figure 1E) , as well as TDG and CBP ( Figure 4G) , were increased, indicating that accumulated b-catenin under Wnt stimulation may accordingly recruit more CBP and TDG to the Wnt target gene promoters via multiple interactions.
CBP possesses intrinsic HAT activity and histone acetylation is known to link tightly to the modulation of gene transcription (Grewal and Moazed, 2003) . Our results suggested that TDG is also required for CBP-dependent H4 acetylation and they may function through cooperating with each other in Wnt/b-catenin signaling. Previously, we found that Dvl cooperated with c-Jun to regulate Wnt target gene transcription (Gan et al., 2008) . In the present study, we provide a further understanding about how two cofactors cooperate to regulate the transcriptional activity of the b-catenin/ TCFs complex. A latest work also revealed that TDG functioned in the ternary complexes with CBP and RARa in mediating the DNA methylation sensitive RA target expression (Leger et al., 2014) .
The knockdown of TDG inhibited the proliferation of colon cancer cells ( Figure 5F and G). We also observed that TDG KO MEF cells grow extremely slow, indicating that TDG played an important role in cell proliferation. Although knockdown of TDG or b-catenin inhibited the cell proliferation in a similar degree, the suppression of Wnt target gene expression induced by TDG siRNA was not as significant as that caused by b-catenin siRNA ( Figure 5D ), suggesting that the influence of TDG on cell growth is not only via its role in Wnt signaling.
Based on our findings and previous reports, we propose a model, as depicted in Figure 5H , in which TDG, through binding to LEF1/ TCFs, bridges or recruits CBP to form a more stable/active functional complex; this might promote H4 hyperacetylation on promoter and potentiate Wnt-related transactivation. There are multiple interactions among these proteins in this complex: CBP binds to TDG through CH3 (1621-1877 aa) and HAT (1098-1758 aa) domains, while it binds to b-catenin through CREB-binding domain (451-682 aa); TDG employs its residues 122-194 to interact with LEF1 and its N-terminus (32-122 aa) to bind to CBP (Tini et al., 2002) . These multiple interactions likely stabilize these partners on the target promoters. Other co-factors may also be recruited to this complex and facilitate the transactivation activity of b-catenin/TCFs cooperatively with TDG and CBP.
Given the well-established roles of Wnt signaling in various diseases such as cancer, this work, with the finding that TDG is highly expressed in colon cancer tissues ( Figure 5B ) and TDG knockdown inhibits the Wnt target gene expression and growth of colon cancer cell lines ( Figure 5D -G) , may provide a potential target for developing new therapies for human diseases.
Materials and methods
Plasmid constructs and siRNAs
The full-length cDNA or mutants of mouse TDG and LEF1 were generated by PCR or RT -RCR from HEK293T cDNA libraries, cloned into the mammalian expression vector pCMV tagged with the HA or EE-epitope, and verified by DNA sequencing. The siRNA sequences of TDG#1 and #2 were 5 ′ -GAUGGCUGUU AAGGAAGAATT-3 ′ and 5 ′ -CCUUCAAUCUGGACAUUGUTT-3 ′ , respectively. The siRNA sequences of CBP#1 and #2 were 5 ′ -GGCCUCCUCAAUAGUAACUTT-3 ′ and 5 ′ -GAGCCAUCUAGUGCAUAAATT-3 ′ , respectively. b-catenin siRNA was synthesized as sequences described previously (Thompson et al., 2002) .
Yeast two-hybrid screening The two-hybrid system and the mouse embryonic E10.5 cDNA library were purchased from Invitrogen/Life Technologies. Two-hybrid screening was carried out as suggested by the manufacturer. The bait used for screening was full-length mouse LEF1.
Cell culture, transfection, and the reporter gene assay HEK293, HEK293T, and HeLa cells were maintained in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS; Gibco). Cells were seeded in plates 18 -24 h before transfection. Cells were transfected with plasmids or siRNAs by Lipofectamine Plus or Lipo2000 (Invitrogen), respectively, according to the manufacturer's protocols. For reporter gene assays, Top/ FopFlash (Upstate) or LEF1-Luc reporter (Li et al., 1999) and GFP or AP were transfected together with the indicated plasmids or siRNAs. Cells were treated with control or Wnt3a conditioned medium (CM) for 6 h before luciferase activity was measured. At 24 or 48 h after transfection, cells were lysed for luciferase measurement by using Luciferase RGA high sensitive kit (Roche). The GFP fluorescence or AP activity was measured on the SynergenTM 2 (BioTek) reader. The final luciferase activities presented were normalized against the GFP fluorescence or AP activity.
Immunoprecipitation and in vitro binding experiment
HEK293T cells were transiently transfected with the indicated constructs for 24 h. A Co-IP experiment was then performed as described previously (Li et al., 1999) . For the endogenous interaction assay, HEK293T nuclear extracts were sonicated three times for 15 sec, then the supernatants were incubated with specific antibodies overnight at 48C, and A/G PLUS agarose was added for an additional 2 h. The beads were washed three times and resuspended in SDS-loading buffer. For the in vitro binding experiment, 6×His-tagged and GST-fused proteins were expressed in Escherichia coli and purified by Ni-NTA and glutathione-Sepharose 4B beads, respectively. Proteins were mixed with antibodies for 3 h at 48C, and the protein A/G PLUS Agarose was added for an additional 3 h. The beads were washed three times and resuspended in SDS-loading buffer. Polycolonal rabbit TDG antibody was raised against an E. coli-expressed recombinant TDG fragment of 112-339 aa. Antibodies for anti-HA (Covance), anti-EE (Covance), anti-b-tubulin (Sigma), anti-b-catenin (BD-Biosciences), anti-TCF4 (Upstate), anti-CBP (Santa Cruz Biotech-nology), and anti-H4 acetyl (Cell Signal Technology) were utilized in the present study.
RT-PCR and quantitative real-time PCR
Total RNAs were extracted from cultured cells with TRIzol, and reverse transcription of purified RNA was performed using oligo (dT) priming and superscript III reverse transcription according to the manufacturer's instructions (Invitrogen). Quantification of all gene transcripts was performed by quantitative PCR using the SYBR Premix kit (TaKaRa) and a Rotor-Gene RG-3000A apparatus (Corbett Research).
Target gene assay
The primer pairs used for target genes were as follows: human c-MYC: 5 ′ -TGCTCCATGAGGAGACA-3 ′ and 5 ′ -CCTCCAGCAGAAGGT (He et al., 2011) , and grown in DMEM supplemented with 15% FBS. The Tdg-null MEFs were infected with lentivirus expressing the wild-type TDG (pTdg) or a vector control at an MOI of 2.
ChIP and seq-ChIP assays HEK293 cells were prepared for the ChIP assay using the ChIP Immunoprecipitation Assay kit (Millipore) according to the manufacturer's instructions. In the seq-ChIP assay, the DNA complexes were first immunoprecipitated using anti-TCF4, anti-b-catenin, anti-TDG, and anti-CBP antibodies, and then eluted by incubation for 30 min at 378C in 200 ml of 10 mM DTT. After centrifugation, the supernatant was diluted 50 times with re-ChIP buffer (20 mM Tris-HCl, pH 8.1, 150 mM NaCl, 2 mM EDTA, and 1% Triton X-100) and immunoprecipitation was performed following the ChIP procedure, but using the other three antibodies. Sequences of oligonucleotides used in real-time PCRs are available upon request.
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